One of the most significant plant invasions in the U.S. has been that of the Old World genus Tamarix. While Tamarix spp. is widely studied, surprisingly little is known about more complex trophically-linked community mechanisms influencing under-canopy succession. We investigated multitrophic interactions among Tamarix spp., nonnative host-specific Opsius stactogalus leafhopper distribution and honeydew production, and the Tamarix spp. canopy floor fungal assemblage. We quantified leafhopper abundance and honeydew throughfall, and tested under-canopy seed viability and seedling mortality across a 1600 m elevation gradient in the lower Colorado River basin in 2007. We conducted field and laboratory experiments in 2007-08 to test the effects of Tamarix spp. litter fungi, synthetic honeydew, and the combination of those variables on germination and seedling survivorship of three common, co-occurring phreatophyte (riparian groundwater-dependent plant) species. Tamarix spp. litter and honeydew treatments reduced understory seed viability and recruitment of two native, woody riparian species (Populus fremontii and Baccharis salicina), as well as Tamarix spp. Four major patterns were detected. 1) Litter fungi alone and synthetic honeydew alone reduced seed viability and seedling survivorship of all three species by two-to four-fold. 2) Synthetic honeydew + litter reduced Tamarix spp. and P. fremontii seed and seedling viability by up to 10-fold. 3) Synthetic honeydew concentration and seedling mortality were positively related among all three plant species. 4) B. salicina was less susceptible to all treatments than Tamarix spp. and P. fremontii. These results indicate that complex interactions among nonnative Tamarix spp., nonnative Opsius leafhopper honeydew production, and soil fungi may influence riparian phreatophyte recruitment and succession.
Introduction
Nonnative plant species invasions are a global threat to biodiversity [1] , and one of the most significant plant invasions in the U.S. has been that of the Old World genus Tamarix (Tamarix spp. hybrids of hybrids of T. ramosissima X T. chinensis, hereafter referred to as Tamarix spp.) [2] . Since its introduction in the 1800s, Tamarix spp. has escaped cultivation and hybrids have now invaded more than one million ha of riparian habitat in the western U.S. [3] . The deciduous Tamarix spp. under study here is distinguished from its congener, the evergreen antheltree T. aphylla, which is widely planted for shade and wind break at lower elevations in the American Southwest. There was a general increase in riparian vegetation throughout this region after the early 1900s [4] , as Tamarix spp. invaded many riparian systems [2] [5] . Native riparian forests provide habitat, migration corridors, and terrestrial food resources for aquatic and riparian biota [6] [7] . In the arid Southwest, riparian habitats make up <1% of the landscape area, yet support >50% of the region's biota [8] . Anthropogenic influences, including flow regulation and livestock grazing, have limited recruitment of native phreatophytic riparian trees, such as Fremont cottonwood (Populus fremontii [7] ), but have enhanced invasion of Tamarix spp. [2] [9] [10] .
Natural riparian habitats in the southwestern U.S. often are dominated by native P. fremontii trees, with an understory of native shrub species, including Baccharis seepwillows. P. fremontii is an ecologically influential species and is the focus of much research due to its decline in regulated river systems [11] [12] . P. fremontii seedling recruitment decreased dramatically through the 20th Century in western states [7] [8], while nonnative Tamarix spp. cover increased from 1900 to 2005 [4] , but is now decreasing due to biological control [13] . The native shrub, B. salicina, has received little ecological attention, but often is co-dominant with P. fremontii and Tamarix spp. along both regulated and unregulated streams [8] [10] . Elucidating trophic interactions that influence regeneration among these species in riparian ecosystems is relevant to understanding and management of southwestern riparian forest stand dynamics.
The tamarisk leafhopper [Cicadellidae: Opsius stactogalus (Fieber)] is a small (4.0 -4.5 mm) leafhopper native to Eurasia, and is introduced to the U.S. on Tamarix spp. (Figure 1 ) [14] . It is host-specific and seasonally abundant on Tamarix spp., and has become a primary food source for neotropical migrant songbirds [15] . The leafhopper is multivoltine, with three to four generations per year, and it overwinters in the egg stage in Tamarix spp. shoots and woody stems [14] . After hatching, the leafhopper undergoes four instars before maturity [16] . O. stactogalus is one of several leafhoppers on Tamarix that produce honeydew in the Old World. Through feeding, the insect ingests phloem, extracting amino acids and other proteins necessary for growth and reproduction, while excreting the remaining carbohydrates as waste. The honeydew waste consists of low molecular weight sugars, with nitrogen constituting up to 2% of the total dry mass [17] . This energy-rich source of carbohydrates is biblically renowned as "manna", and is a consumable resource for soil and litter organisms [18] . The tamarisk leafhopper is the most abundant insect exuding honeydew on Tamarix spp. in northern Arizona, although two Chionaspis spp. diaspidid scale insects and two Parthenicus spp. mirid plant bugs also are common on Tamarix spp. in this region [19] .
Despite vast expenditures on Tamarix spp. control in the Southwest, major gaps remain in understanding the ecological strategies by which Tamarix spp. colonizes and persists in riparian habitats [9] . Basic questions on the changing extent of Tamarix spp. distribution, its potential to alter community structure and function, its comparative life history characteristics, and applied questions regarding its influences on water use, responses to introduced biological control agents, and impacts on agriculture and recreation remain outstanding. In this paper, we report interactions among Tamarix spp., its host-specific Opsius cicadellid herbivore, and understory litter fungi that individually and interactively limit plant recruitment beneath Tamarix spp. canopy.
Complex multi-trophic interactions play an integral, but little appreciated role in riparian community development by limiting recruitment [20] [21] . Humans seeking shade under Tamarix spp. canopies in the Southwest often detect a gentle rain of leaf hopper honeydew during the summer months. Copious production of honeydew by other tree-dwelling Hemiptera is well documented in other systems [22] . For example, a population of lime aphids was estimated to annually produce up to 800 g honeydew/m −2 [23] . The role of honeydew accumulation in the phyllosphere and beneath the tree canopy has been shown to support the development of microbial litter and soil communities, particularly including fungi [18] [24] [25] . Studies involving native, non-invasive species report that honeydew fuels micro-organism metabolism and critically affects above-and below-ground nutrient dynamics [17] . Fungal hyphae also increase on aphid galls when honeydew increases [26] , and on soil and leaf surfaces containing honeydew [25] [27] . Honeydew on wheat leaves stimulates the growth of pathogenic filamentous fungi [28] , reducing seed germination and establishment. Aphid infestation and honeydew deposition on understory soil surfaces have been associated with reduced plant-available soil nitrogen and aboveground net primary production [25] . Sticky herbivore honeydew is shown to interrupt harvesting processes and support damaging fungal growth, sometimes greatly reducing yield [29] . While the role and distribution of arbuscular mycorrhizae in Arizona riparian zones have received some attention [30] , those of non-arbuscular fungi have not, to our knowledge. Better understanding of these complex multi-trophic level interactions, including non-linear responses, may reveal insights into mechanisms of nonnative species invasion success due to suppression of competitor recruitment [31] .
We hypothesized that multi-trophic interactions between Tamarix spp., host-specific Opsius, and understory litter fungi inhibit seedling establishment of perennial species beneath the Tamarix spp. canopy (Figure 2) . We conducted field surveys to quantify leafhopper abundance and honeydew accrual under individual Tamarix spp. plants across a 1600 m elevation gradient in Arizona, to relate differences in leafhopper abundance to length of growing season at various elevations. We conducted field and laboratory experiments to determine the influence of synthetic honeydew, Tamarix spp. litter fungi, and their interactions on the mortality and germination success of Tamarix spp., P. fremontii, and B. salicina seeds. We addressed the following questions. 1) Do litter fungi differentially colonize Tamarix spp., P. fremontii, and B. salicina seeds and seedlings beneath Tamarix spp. canopy, and does the presence of soil moisture increase the proportion of seeds colonized? 2) Does fungal colonization of seeds under Tamarix spp. canopy differentially decrease all three species' seed viability in the field? 3) Does seed or 4) seedling viability decrease in the presence of Tamarix spp. litter, synthetic honeydew, or those factors in combination? 5) Does seedling viability decrease in a dosage-dependent fashion with the application of synthetic honeydew? We recognize that multi-trophic, herbivore-vectored interactions are just one of many species-specific, physical, and plant-initiated processes that may affect understory vegetation development and contribute to the invasion success and stand persistence of Tamarix spp. 
Materials and Methods

Study Sites
We conducted seedling surveys and leafhopper monitoring on Tamarix spp. across a 1600 m elevation gradient at four Arizona field sites: Yuma, Willow Beach, Lees Ferry, and Echo Cliffs (Table 1 and Figure 3) . We quantified honeydew throughfall beneath Tamarix spp. canopies at Lees Ferry and Echo Cliffs ( Table 2 ). All sites exist along the dam-regulated Colorado River from northern to southern Arizona except Echo Cliffs, which lies along an intermittent watercourse that receives naturally erratic precipitation-based flood events. Climate at all study sites is arid and continental, and precipitation occurs as winter storms and late summer (July-August) monsoon rains ( Table 1) . Air temperature and precipitation is generally inversely related to elevation and varies seasonally, with minimum and maximum ranges of 7˚C to 41˚C in Yuma, to −7˚C to 34˚C at Echo Cliffs [32] . The year of our field studies (2007) was relatively normal with regard to the range of seasonal temperatures and precipitation.
Study Organisms
We studied Tamarix spp. canopy, Opsius stactogalus leafhopper population dynamics and honeydew production, and soil fungal impacts on seed and seedling survivorship and recruitment in Tamarix spp. and two native perennial, commonly co-occurring phreatophytic plant species: P. fremontii and B. salicina. Seeds of each species were collected from 10 or more different plants at multiple sites in 2007. Seed batches were mixed and refrigerated for use in the experiments described below. We related plant responses to Opsius honeydew production and fungal colonization on a seasonally appropriate basis by conducting in situ field experiments at the time each plant species naturally released its seeds.
Field Surveys
To determine the extent of plant recruitment beneath Tamarix spp., we conducted seedling surveys beneath individually marked Tamarix spp. canopies five times at all sites from 31 March 2007 to 29 September 2007 (n = 80). We searched the soil surface beneath each individual Tamarix spp. canopy and recorded the number of seedlings per species.
We quantified Opsius abundance in the field by surveying the same marked Tamarix spp. plants (n = 80; above) at each of the four sites once every 17 -21 days through the 2007 growing season ( Table 1) . We sam- Figure 3 . Map of the four study areas in Arizona. Geography and climate data are provided in Table 1 . Sedona (1370 m elevation) was used as a centrally-located outdoor experimental site. pled Opsius density on the foliage of each tree using an aerial insect net (ten 2 m sweeps per tree per visit), recording the number of Opsius captured. After enumeration, all insects were released back onto the host plants.
We monitored honeydew throughfall beneath the canopies of individual Tamarix spp. plants at the Lees Ferry and Echo Cliffs sites through the 2007 growing season ( Table 2) . We measured honeydew accumulation five times from May to October by placing 12 microscope slides (surface area /tree = 15 cm 2 ) on the ground beneath the canopy for a 24 hr sampling period. Slides were boxed and stored at −4˚C until processing at the Colorado Plateau Analytical Laboratory on the Northern Arizona University (NAU) campus in Flagstaff. In the laboratory, each slide was rinsed with 80˚C nanopure water, and filtered (Whatman #390 mm quantitative paper) into an 85 g glass container. This solution was frozen for 24 hr, lyophilized, and the contents were weighed using a microanalytical balance. We quantified the dry mass of honeydew throughfall per sample period, and Opsius abundance (mean number of leafhoppers per 10 aerial net sweeps) at each site across the season, and we also related leafhopper abundance to honeydew accumulation (g•m ) by averaging across the monitoring period and using rank correlation analysis. All data presented in this manuscript were analyzed in JMP [33] . (Figure 4) . Seed bags were sterilized with a 5% bleach solution. The nylon bags excluded seed-eating macro-arthropods and mammals, but allowed seeds to be colonized by ambient soil microbes. Seed bags were transported to the field site and placed in pairs under the canopy of mature trees. Each bag was filled with 15 g of Tamarix spp. litter from the host tree. Bags were stapled shut and buried to a depth of 3 cm in the litter layer. Individual bags within a pair were placed 1 m apart. To induce the activity of potential litter organisms, one of the paired bags was treated with 125 ml of nanopure water at the time of burial. Pairs of seed bags were placed at the Lees Ferry site for each of three experiments. After one month, bags were retrieved and the number of seeds with >50% of the seed coat colonized by fungi was recorded.
Field and Laboratory Experiments
Question 2a: To determine whether seed colonization by Tamarix spp. litter fungi reduced seed viability, seeds were extracted from the bags, sifted from the litter fragments, placed in a growth chambers (Percival, Boone, IA 1-35LL) at the NAU research greenhouse, and then germinated. Seeds from watered vs. not-watered seed bags were placed in separate petri dishes and kept moist under controlled conditions (D33˚C/N18˚C, D14 h/N10 h, 25% RH). The number of seeds colonized by fungi per dish was counted before placement in the growth chamber. A seed was considered colonized if >50% of the seed surface was covered in fungal mycelia at 10-power magnification. After one month, the number of viable seeds was counted in each dish. A seed was considered viable if it had imbibed water and radicle emergence exceeded 1 mm. Because parametric assumptions of normality and equal variances were not met, these data were analyzed using Wilcoxon signed-rank tests for paired data (watered vs. not-watered bags). Other pairwise comparisons between treatments within species and among species within treatments were conducted with Mann-Whitney U tests. We used sequential Bonferroni adjustment of probability values to determine the significance of pairwise comparisons within the experiments [34] . To test for monotonic relationships among these data, we used a Spearman's rank correlation analysis.
Question 2b: Because the previous analysis provided resolution only at the bag level, we conducted an analysis of seed responses to fungal colonization in petri dishes in the laboratory. We placed 20 petri dishes each containing 50 seeds per species for 10 days in growth chambers (same settings as above). All three species' seeds were exposed to four treatments: control (no treatment), addition of 5 g Tamarix spp. litter, fungicide (Captan Fungicide 50% WP, Bonham, TX), and fungicide + Tamarix spp. litter. The fungicide and fungicide + litter treatments produced results similar to that of the no treatment controls, and those data are not discussed further. Dishes containing Tamarix spp. litter were kept in a separate growth chamber to prevent fungal propagule transfer between dishes not treated with litter (controls). Dishes were rotated every 2 days to eliminate placement effect within the growth chambers. Seeds were exposed to treatments and potential fungal colonization for 2 days, after which the number of colonized seeds was counted in each dish. Seeds colonized versus not colonized by fungi were separated, placed into individual petri dishes for an 8 day germination trial, and kept moist. At the conclusion of the trial, each seed was inspected for survivorship (alive = green, hypocotyl and radicle emergence). Logistic regression was used to analyze the relationship between seed survivorship (response variable) and fungal colonization status (predictor variable).
Question 3: To determine whether seed viability was reduced in the presence of Tamarix spp. litter, synthetic honeydew or litter + honeydew, we tested the viability of the three species' seeds in the NAU growth chambers (same settings as in question 2.4.2) for one month under four treatments: control (no treatment), Tamarix spp. litter only, 5 ml synthetic honeydew only, and synthetic honeydew + litter. Fifty seeds were placed in a large petri dish (20 reps per treatment; n = 240). Dishes were watered every other day and a 3% (mass/volume; m/v) synthetic honeydew solution was applied to the appropriate dishes, three times over the course of the month. The synthetic honeydew used in this and all experiments consisted of sucrose and melezitose (9:1; 99% assay, Spectrum Chemical Mfg Corp., Gardena, CA) dissolved in nanopure water to create a 3% (m/v) solution. Sucrose and melezitose are two of the primary sugars found in naturally-occurring honeydew of related hemipteran species [23] [35] .
We tested for differences in seed survivorship using Kruskal-Wallis and Mann-Whitney U tests for means comparisons, with a sequential Bonferroni correction on comparisons within treatments among species, and within species among treatments. We also related the mean percent of seeds colonized per dish and the mean percent of viable seeds per dish using Spearman's rank correlation (ρ S ) analyses by species with treatments pooled.
Question 4: To examine whether seedling viability decreased in the presence of Tamarix spp. litter, and synthetic honeydew + litter, we performed comparative growth chamber experiments. Seeds of all three species were surface-sown in 8 × 3 cm Ray Leach "Conetainers"™ (Stuewe and Sons, Inc., Corvallis, OR SC-10) set into large plastic tubs of shallow water at an outdoor field experimental site in Sedona, Arizona at an elevation of 1370 m. We randomized tub effects by rotating containers between tubs and chambers once per week. Containers were filled with sterilized silty-fine sand and capillary action of the sand drew water into the tubes so that daily watering was not needed. Tubs were cleaned and refilled weekly. Seeds germinated and were weeded to one viable seedling per container after two weeks. The following treatments were applied to approximately 20 seedlings each: control (no treatment), Tamarix spp. litter only, and synthetic honeydew + litter. The experiment was conducted for 30 days, after which seedling survivorship was recorded. These data were analyzed using Χ 2 tests both within species among treatments and within treatments among species, and sequential Bonferroni adjustment of probability values was used on comparisons of P values for each plant species test.
Question 5: Lastly, we tested the effect of honeydew concentration on seedling viability, predicting a positive, dosage-dependent relationship between synthetic honeydew concentration and seedling mortality across species. Seeds were surface-sown, weeded and rotated between and within the chambers in the same experimental design as in question 4 (above). We tested seeds and seedlings across multiple concentrations congruent with naturallyderived honeydew (>0.1% m/v) [36] [37], and we varied honeydew concentration from 0.0001% to 20% (m/v). Treatments were applied to batches of approximately 20 germinated seeds each, and included: control (no treatment), 0.0001%, 0.001%, 0.1%, 10%, and 20% (m/v). Containers were watered three times and mortality was determined after 30 days. We tested for differences using Χ 2 tests both within species among treatments and within treatments among species, and used a sequential Bonferroni adjustment in all tests.
Results
Field Surveys
We found no seedlings of Tamarix spp., P. fremontii, or B. salicina under Tamarix spp. canopies at any of the four field sites on any sample date. Litter depth beneath Tamarix spp. often exceeded 20 cm. Seedlings of all species were observed in open riparian areas outside of Tamarix spp. canopies at most sites. B. salicina seedlings were rarely observed under Tamarix spp. at other sites along the Colorado River not included in this study, indicating that B. salicina occasionally is capable of germinating under Tamarix spp. canopies.
Opsius stactogalus was the only leafhopper species collected on Tamarix spp. during the monitoring effort. These leafhoppers occurred across the entire elevational range studied (1600 m) and were numerous at all four field sites ( Figure 5 ). Discrepancies between Opsius abundance and honeydew production in early summer at Lees Ferry and late summer at Echo Cliffs (Figure 6(a) ) were due to varying proportions of larval versus adult leafhoppers (i.e., a higher proportion of adult, rather than larval, Opsius during a sampling period likely resulted in greater honeydew production). High performance liquid chromatography (HPLC) analyses confirmed that glucose, fructose, sucrose and melezitose are the most abundant sugars in Opsius honeydew.
Field and Laboratory Experiments
Question 1: Two lines of evidence indicate that Tamarix spp. litter fungi readily colonized all three species seeds under Tamarix spp. canopies. First, under the not-watered treatment, all three species seeds were colo- nized by fungi (Figure 7(a) ). Bags with Tamarix spp. exhibited a particularly high mean percentage of seeds colonized by litter fungi. Watered seed bags exhibited an even higher mean percent of fungal colonization than those that were not-watered, demonstrating that moisture promoted fungal colonization. Tamarix spp. seeds were the only species exposed to monsoon rains in the field; therefore, the high colonization rates and associated low viability may be due to increased ambient moisture during that season. P. fremontii watered seed bags had 5-fold greater mean percent of fungal colonization than the not-watered bags (z 20 = 105; P < 0.0001). Watered bags with Tamarix spp. seeds had 10% greater mean percent of seeds colonized than the not-watered bags (z 24 = 105; P < 0.0001). Watered seed bags with B. salicina seeds had 10-fold greater mean percent of seeds colonized than not-watered bags (z 24 = 162.5; P < 0.0001). In not-watered treatments, the mean percent of bag scolonized by fungi among ranged from 5% -81% among all three plant species, while that for watered bags ranged from 60% -92%. Watered Tamarix spp. seeds had 35% higher susceptibility to litter fungi than did P. fremontii, and 19% higher than B. salicina. Not-watered Tamarix spp. seeds had 87% higher mean percent off ungal colonization than did P. fremontii, and a 94% higher rate than did B. salicina.
Second, all pairwise comparisons of mean percent seed colonization within treatments among plant species were significant (P < 0.05), except those of P. fremontii-B. salicina in the watered and not-watered treatments (Figure 7(a) ). These data indicate that although the mean percent of seeds colonized was greater in moist soil conditions for all species, Tamarix spp. seeds were particularly vulnerable to fungal colonization, regardless of treatment (Figure 7(a) and Figure 8 ). Field experimentation across years is needed to determine the extent to which annual weather variability influences these patterns. Growth chamber experimental tests of the effects of synthetic honeydew and Tamarix spp. litter on percent seed germination of P. fremontii, Tamarix spp., and B. salicina seeds that were colonized by litter fungi, and the mean percent of viable seeds under four treatments: control, Tamarix spp. litter only, synthetic honeydew only, and synthetic honeydew + Tamarix spp. litter. Different letters indicate significant differences among species within treatments using Mann-Whitney U tests at P < 0.05. Among treatment tests were significant for all species. Error bars are +1 SE.
Question 2a: We found that fungal-colonized seeds were associated with reduced seed viability at both the whole bag level in the field (Figure 7(b) ) and in laboratory petri dish experiments (Figure 8) , with differences among species between treatments. P. fremontii seeds in the watered treatment had 12% lower viability than those not-watered (z 20 = −105.5; P < 0.0001; Figure 7 (b)), with a mean germination rate of 81% for seeds not subjected to Tamarix spp. litter. Tamarix spp. seeds in the watered treatment sustained a 4-fold reduction in viability compared with those that were not watered (z 24 = −115.5; P < 0.0001; Figure 7(b)) . B. salicina seeds in the watered treatment had 2.8-fold lower viability than those not-watered (z 24 = −160.5; P < 0.0001), with a mean germination rate of 27%. All pairwise comparisons between species within the watered and not-watered treatments were significant (P < 0.05), except for P. fremontii and B. salicina in the watered treatment. As in the whole-bag colonization analysis, Tamarix spp. exhibited significantly lower seed viability than did the two native species, under both the watered and not-watered treatments. Thus, the native phreatophytes exhibited lower seed viability due to fungal colonization under conditions of high soil moisture availability, while Tamarix spp. seeds exhibited far greater susceptibility to fungal colonization overall compared to either of the native species and regardless of the moisture regime.
Fungal colonization reduced seed viability for all three species (Figure 7(b) and Figure 8 ). Each Spearman's correlation analysis within species was significant (P. fremontii ρ S = −0.71, P < 0.0001; Tamarix spp. ρ S = −0.33, P < 0.02; B. salicina ρ S = −0.49, P < 0.001), demonstrating a negative relationship between fungal colonization susceptibility and seed viability.
Question 2b: To test for treatment dish effects on seed viability, we ran the logistic regression with two predictors [colonization status and replicate as blocking variables (replicates = 20 petri dishes containing ~50 seeds/ species/treatment)]. We found that replicate and species did not differ from one another and consequently we pooled all data intoa single analysis. The overall logistic regression revealed that fungal colonization increased the likelihood of mortality for all species' seeds 40-fold over controls (z = 426.45, P < 0.0001; β = −1.68, SE = 0.08, odds ratio = 29.28). Thus, fungal colonization was a strong predictor of seed mortality.
Question 3: Two lines of evidence indicate that seed viability of all three species decreased in response to litter addition (i.e., fungal colonization) and synthetic honeydew treatments in growth chamber trials. First, the highest germination success occurred among the controls, with progressively reduced germination among Tamarix spp. as litter, honeydew and combined treatments were added (Figure 8) . All pairwise comparisons within species among treatments were significant (P < 0.0001), with the exception of the litter only -honeydew treatment for Tamarix spp. Single factor responses decreased survivorship but not as severely as did the combination of honeydew + litter (P. fremontii five-fold lower, Tamarix spp. seven-fold lower, B. salicina two-fold lower). Tamarix spp. and P. fremontii demonstrated greater vulnerability to the honeydew + litter treatment than did B. salicina (Figure 8) .
Second, Spearman's rank correlation analysis by species with treatments pooled, demonstrated a negative association between the mean percent of colonized seeds and mean percent of viable seeds. Each correlation by plant species was significant (P. fremontii ρ S = −0.65, P < 0.0001; Tamarix spp. ρ S = −0.40, P < 0.0002; B. salicina ρ S = −0.60, P < 0.0001), again demonstrating a negative relationship between fungal colonization and seed survivorship.
Question 4: Seedling viability decreased in the presence of Tamarix spp. litter and synthetic honeydew. Nine Χ 2 comparisons were conducted within species between treatments and within treatments between species (Figure 9) . P. fremontii seedling viability in the litter-only addition treatment was less than half that of the control (Χ 2 = 6.7, df = 1, P = 0.0096) and the honeydew + litter treatment was 7.5-fold lower than that of the control (Χ 2 = 13.5, df = 1, P = 0.0002). In comparison with controls, Tamarix spp. seedling viability under the litter only treatment was reduced by one quarter, and by one third under the honeydew+ litter treatment (Χ 2 = 6.9, df = 1, P = 0.0083). All species' seedlings were more resistant to Tamarix spp. litter fungi and honeydew inputs than were their seeds, and B. salicina seedlings demonstrated no differential response to treatments (Figure 9 ).
Question 5: As predicted, seedling viability was inversely related to synthetic honeydew concentration. We found that seedling viability differed among the six synthetic honeydew concentrations for each species (P. fremontii Χ 2 = 35.84, df = 5, P < 0.0001; Tamarix spp. Χ 2 = 83.39, df = 5, P < 0001; B. salicina Χ 2 = 83.04, df = 5, P < 0.0001; Figure 10 ). Multiple pairwise Χ 2 tests within species among treatments revealed significantly decreased seedling viability above honeydew concentrations of 10% (m/v) for each species. Multiple pairwise Χ 2 tests within treatments among species revealed that the only significant differences existed at 10% (m/v) or greater concentrations (Χ 2 = 2.77, df = 5, P < 0.0011), where P. fremontii seedling viability was significantly Figure 9 . Growth chamber experimental tests on the effects of synthetic honeydew and Tamarix spp. litter on seedling survivorship, showing mean percent of viable seedlings of P. fremontii, Tamarix spp., and B. salicina under three treatments (control, Tamarix spp. litter only, and synthetic honeydew + litter). Numbers represent sample sizes, and different letters indicate significant differences among species within treatments using Χ 2 tests at P < 0.05. Among treatment tests were significant for all species. Figure 10 . Growth chamber experimental tests of the dosage-dependent impacts of synthetic honeydew on seedling survivorship. Percent seedling viability of P. fremontii, Tamarix spp., and B. salicina among six synthetic honeydew concentrations. Different letters indicate significant differences within treatments among species using Χ 2 tests at P < 0.05 (significant differences only apply to the 10% m/v treatment).
higher than those of Tamarix spp. or B. salicina. Thus, dosage-dependent impacts of synthetic honeydew on seedling mortality were apparent at the two highest concentrations applied. However, we could not discern whether this increased mortality was due to increased osmotic stress, a physical barrier to growth, or to interactive or other causes.
Discussion
Interactions among Trophically-Linked Nonnative Species
In this study, we describe a previously unrecognized trophic interaction among a common and widespread nonnative host plant, its abundant and host-specific nonnative leafhopper herbivore, and an under-canopy litter fun-gal assemblage of unknown nativity (Figure 2) . Collectively, this honeydew-mediated interaction may greatly reduce the viability of seeds and seedlings beneath the nonnative host plantcanopy. Limitation of understory recruitment may increase Tamarix spp. individual and stand fitness by reducing colonization of potential competitors, particularly including their own progeny. This mechanism may be, in part, responsible for the long-term persistence of dense, monospecific stands of Tamarix spp. throughout the southwestern U.S. [38] . Several consequences emerge from these interactions that affect riparian ecosystem development across elevation in the western U.S.
Opsius Honeydew Ecology
Our study is the first documentation of variation in O. stactogalus distribution, density and phenology across elevation, and is the first study of the role of cicadellid honeydew in relation to Tamarix spp. ecology and recruitment dynamics. Artificial honeydew constituents were similar to natural leafhopper honeydew, and the amount applied in our experimental treatments (0.007 g•cm ). Due to the potential for honeydew accrual beneath Tamarix spp. canopy across years, particularly in more arid, lower elevation, highly regulated riparian zones, our experimental applications of synthetic honeydew likely underestimate the strength of Opsius honeydew-driven impacts on understory germination and seedling establishment.
The processes through which honeydew limits plant recruitment remains to be explored. Physical or osmotic barriers, such as increased hydrophobicity of seed coats or soils, altered nutrient dynamics, or other biotic and abiotic factors have been described in other ecosystems, and the effectiveness of those mechanisms likely co-varies with environmental conditions, such as water table depth, soil texture, disturbance history, channel geomorphology, and microsite moisture availability. When honeydew concentrations are high, seeds could be physically constrained from expansion by sticky honeydew. When ambient moisture is more abundant and the honeydew concentration is diluted (e.g., during the summer monsoonal rains in the southwestern U.S.), honeydew impacts may be reduced, or osmotic factors or honeydew-derived nutrients may increase the metabolic activity of the fungal assemblage, reducing seed survivorship and potential recruitment. Further studies are needed to determine the extent to which honeydew inputs accrue across years, potentially increasing legacy impacts on recruitment beneath Tamarix spp. canopies.
Fungal Ecology
The shady, more moist Tamarix spp. understory soils in many southwestern riparian woodlands are ideal habitat for fungal survival, spore germination, sporulation, and host colonization. The occurrence and severity of fungal inoculation in Tamarix spp. litter depends on humidity, soil moisture, temperature, light, the density of seeds and/or seedlings present, and the composition of the fungal assemblage. These factors are expected to be less influential in open areas between Tamarix spp. plants, where light intensity is higher and there is less organic matter. In the still-unexplored realm of Tamarix spp. understory fungal taxonomic composition, generalists as well as specialist fungi may co-occur, with some predatory and some non-influential taxa [39] . The litter fungi in this study were not identified, but the mycelia examined revealed cell division characteristics of Ascomycota or Basidiomycota. Seeds collected directly from Tamarix spp. inflorescences also commonly develop heavy fungal infestation, resulting in seed mortality. Such infection may be vectored by the hundreds of generalist pollinating Hymenoptera and Diptera that attend flowering Tamarix spp. [19] [40] , raising questions about the extent of pollinator dispersal of seed-consuming fungi among flowering plants. Further studies are needed to identify Tamarix spp. soil fungi, their distribution, nativity, and prevalence in riparian habitats.
Riparian Ecosystem Effects
Despite much research into invasion ecology, the mechanisms supporting nonnative invasions often are poorly understood [20] [41] . Invasion success has traditionally been related to neutral or negative predation or competition impacts on native assemblages [42] , but in some cases positive interactions among invading nonnative species result in amplified facilitation of invasion or persistence, and may become key drivers in the population dynamics of numerous native and exotic species [43] - [45] . Tamarix spp. has generally not been considered to produce all elopathic secondary compounds [21] , but the interactions we describe here suggest positive feedback that promotes the persistence of Tamarix spp. individuals and monocultural stands through herbivore-and soil-fungal-driven inhibition of both conspecific and heterospecific plant species germination and survival. The greatest impacts we detected occurred among combined treatments of honeydew and Tamarix spp. litter. Improved understanding of the role of multi-trophic impacts on non-native plant understories may help predict invasion success [43] .
We also report differences in the extent of impact among three common riparian southwestern phreatophyte species. Tamarix spp. and P. fremontii seeds were similarly affected by Tamarix spp. litter fungi and honeydew and, in combination, those two treatments further reduced seed and seedling survivorship. In contrast, B. salicina was generally more resistant to the treatments and their combinations. In four of five experiments, B. salicina seed and seedling survivorship exceeded those of the two other plant species. B. salicina is as abundant in southwestern riparian habitats as P. fremontii, commonly co-occurring at the riverside periphery of Tamarix spp. and Populus stands. But unlike the other two species, B. salicina seeds are released in autumn and its seed longevity exceeds one year (L. Stevens, unpublished data), allowing interannual accumulation in the riparian seed reservoir. Populus and Salix (willow) species have been the focus of much southwestern riparian research as primary colonizers on flood-deposited fluvial sediments. However, based on its greater relative abundance in recent decades in the Colorado River basin, B. salicina appears to be better adapted to opportunistic establishment than P. fremontii [8] [46] . For example, following record post-dam flooding of the Colorado River in Grand Canyon from 1983-1986, extensive germination was reported for Baccharis spp. and Tamarix spp., but not of Salicaceae [47] . B. salicina is relatively short-lived, and as a shrub does not produce the complex habitat structure provided by tree Salicaceae. We postulate that B. salicina will succeed Tamarix spp. along riparian corridors at low-middle elevations as biological control by Diorhabda (Chrysomelidae) leaf beetles reduces Tamarix domination [13] . Further research into the natural history and ecology of B. salicina is needed to clarify autecological and synecological factors influencing its success in southwestern regulated and unregulated river riparian zones.
The multi-trophic impacts on phreatophyte recruitment under Tamarix spp. canopies described in this study do not constitute a full demonstration of causality: in particular, field inoculation trials are needed to better understand the ecological roles of Tamarix spp. litter fungi. However, our community-level approach highlights new mechanisms influencing under-canopy recruitment in Tamarix-invaded ecosystems, and raises questions as to the role of those processes in Tamarix spp. persistence. Many well-studied physical and biological processes contribute to Tamarix spp. persistence in southwestern riparian ecosystems, including salt-, drought-and shadetolerance, vigorous resprouting after fire and rapid regrowth after burial under flood-deposited sediments [48] . While it is generally believed that salinity and shading preclude riparian species from germinating beneath Tamarix spp. canopies, some research shows little to no effect of those levels of salinity on P. fremontii seed and seedling mortality in lab or field experiments [49] . Additionally, large-seeded native species, such box elder (Acer negundo), mesquite (Prosopis spp.), and non-native Russian olive (Elaeagnus angustifolia) have the ability to establish under dense Tamarix spp. canopies [3] [41] [50] [47] . Therefore, a combination of physical factors and life history traits among native and nonnative plant species interactively influence Tamarix spp. and other phreatophyte species survival and persistence. To that list of factors, our research adds multi-trophic interactions linking plants, herbivores and fungal influences on understory germination and establishment dynamics in riparian ecosystems.
An Evolutionary Interaction?
The multi-trophic suppression of riparian plant recruitment described here may result from simple physical processes or, in part, from a more complex, evolved strategy. Tamarix spp. escaped nearly all of at least 240 invertebrate herbivore enemies when it arrived in the New World [19] . Similarly, Opsius stactogalus followed its host plant to the New World, escaping most of its parasites and predators [16] [19] [51] . Enemy escape may have intensified trophic linkages between the host plant and its herbivore in the New World, but it is unknown if the interactions described here occur in the native Old World range of Tamarix, where the parental species of Tamarix are separated. There, enemies of both the host plant and herbivore abound and the densities of both species may be lower. The status, distribution and nativity of the as-yet-poorly defined Tamarix under-canopy fungal assemblage requires further investigation, as its ecological impacts likely vary in relation to aridity. Determination of the extent to which these interactions are evolved, rather than simple, physical consequences of co-occurrence, will require similar and comparative measurements and experiments in the native and New World ranges of the species involved, as well as among other riparian plant assemblages.
Management Implications
Rehabilitation and restoration of riparian ecosystems have become a dominant theme in southwestern U.S. river management. Extensive monocultural stands of Tamarix spp. are being removed by mechanical, chemical, and biological control methods at great cost. However, revegetation efforts may be compromised by the effects of honeydew and litter fungi in soils. Our research informs riparian ecosystem rehabilitation project managers about potential honeydew-soil fungi influences. Riparian revegetation plans that incorporate more resistant species, such as shrubby Baccharis, may have higher potential for success, but at the expense of vegetation structural complexity.
Biological control of tamarisk was initiated in the Southwest with the release of the tamarisk leaf beetle (Chrysomelidae: Diorhabda spp.), initiating a broad wave of Tamarix spp. defoliation and gradual mortality from Utah southward to northern Arizona [13] [52] . The introduction of this nonnative beetle is presently eliminating Tamarix spp., Opsius, and avian habitat and food resources [15] [19] . Diorhabda may briefly replace some of those lost riparian food resources, but it eliminates Tamarix spp. cover too quickly for native woody phreatophytes to recolonize. Tamarix spp. is likely to decrease substantially in the Southwest, and the loss of the multi-trophic controls on riparian plant recruitment beneath Tamarix spp. canopies will allow different native and nonnative riparian plant assemblages to develop on new, but as yet unknown successional trajectories.
